
United States Patent [19] 
Salb 

4,583,190 
Apr. 15, 1986 

[11] Patent Number: 

[45] Date of Patent: 

[54] MICROCOMPUTER BASED SYSTEM FOR 
PERFORMING FAST FOURIER 
TRANSFORMS 

[75] Inventor: Jesse Salb, New York, NY. 

[73] Assignee: Neuroscience, Inc., Milpitas, Calif. 
[21] Appl. No.: 370,484 
[22] Filed: Apr. 21, 1982 

[51] Int. Cl.4 ....................... .. G06F 7/34; G06F 15/35 
[52] US. Cl. .............................................. .. 364/726 
[58] Field of Search ...... .. 364/726, 827, 200 MS File, 

364/900 MS File; 343/5 FT 

[56] References Cited 
U.S. PATENT DOCUMENTS 

3,731,284 5/ 1973 Thies ................................. .. 364/726 
4,158,888 6/1979 Shapiro et al. .. 364/726 

364/726 
364/726 
364/726 
364/200 

4,181,976 l/l980 Collins et al. 4,223,185 9/1980 Picou ......... .. 

4,266,279 5/1981 Hines ......... .. 

4,400,772 8/1983 Broyles et a]. . 
4,438,488 3/1984 Shibayama 364/726 
4,477,878 10/1984 Cope . t . . . . . . . . . . . . . . . . . .. 364/726 

OTHER PUBLICATIONS 

Bhagat et al, “A High Performance Microproces 
sor-Based FFT Processor”, IEEE Trans. on Ind. Elec 
tronics and Cntrl. Instrumentation, vol. IECI-25, #2, 
May ’78, pp. 102-107. 
Chwastyk, “A Fast Digital Spectral Analyzer”, IEEE 

70 PM on sane 

Trans on Instrumentation, vol. IM-20, #4, Nov. '71, pp. 
198-201. 
Intel, “MCS-48 TM Family of Single Chip Microcom 
puters User’s Manua ”, Sep. ’80, pp. 2-1-2-24. 

Primary Examiner—James D. Thomas 
Assistant Examiner—Da1e M. Shaw 
Attorney, Agent, or Firm-Kenyon & Kenyon 

[57] ABSTRACT 
A system for the on-line analysis and topographic dis 
play of human brain electrical activity which includes 
amplifying ?ltering and converter circuits for generat 
ing a plurality of signals, representing electrical activity 
at a plurality of predetermined data point locations on a 
patient’s head in digital form, a ?rst microprocessor and 
associated circuits to preprocess the digital signals into 
a predetermined format, and a second microprocessor 
and associated topographic map generator forming an 
image computation and display unit receiving the pre 
processed digital signals as inputs from the image com 
putation and display unit the topographic mag genera 
tor de?ning a map of a plan or elevation view of the 
brain containing a plurality of pixel points far in excess 
of the number of data points and interpolating the digi 
tal signals, so as to provide a value for each pixel on the 
map and providing the pixel information as outputs in 
synchronism with a horizontal and vertical scan, and a 
video monitor receiving the output of the image compu 
tation and display unit as an input. 

8 Claims, 15 Drawing Figures 
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MICROCOMPUTER BASED SYSTEM FOR 
PERFORMING FAST FOURIER TRANSFORMS 

BACKGROUND OF THE- INVENTION 
This invention relates to medical instrumentation in 

general and more particularly to an improved system 
for providing on-line acquisition, analysis and topo 
graphical display of the electrical activity generated by 
the human brain in real time. 
The measurement of the electrical activity of the 

human brain and the preparation of an output represent 
ing this activity is known. A presentation, normally 
formed on a chart which has as one axis time and the 
other axis voltage, is known as an electroencephalo 
gram (EEG). In order to develop an EEG one or more 
pairs of sensors are provided and attached to the sub 
ject’s head. In a typical system, there can be a single 
reference electrode and as many as 16 other electrodes 
for each hemisphere of the brain. The result when re 
cording data from these electrodes is a chart with up to 
32 different traces which then must be analyzed by'a 
neurologist, psychiatrist, etc. This, of course, is time 
consuming and in no case allows real time analysis. 

Similarly, there have been attempts to provide a topo 
graphic display of brain activity. Such is carried out by 
obtaining data from electrodes and providing that data 
to a computer which then analyzes the data and pro 
vides output information for a topographic display. 
However, once again, a display of the brain activity 
which can be analyzed in real time is not possible. One 
can only look at the activity at predetermined points in 
time long after the brain activity has ceased. 
The desirability and need for a device which will 

provide a topographical display in real time to neurolo 
gists, psychiatrists, etc. should be evident. With such a 
device, the physician can stimulate the patient and ob 
serve the reaction of the brain to various activities. 
Similarly, the condition of the brain in various states 
such as sleep, coma, etc. can be instantly observed by 
the physician. In addition, it is desirable that an instru 
ment of this nature be capable of recognizing abnormal 
conditions and be able to store the display for reviewing 
after certain speci?ed conditions take place. 

Thus, it is the object of the present invention to pro 
vide a system which meets all these requirements. 

SUMMARY OF THE PRESENT INVENTION 
The present invention comprises a multiple mi 

crocomputer controlled system designed for they on-line 
acquisition, analysis, and topographic display of the 
electrical activity generated by the human brain known 
as the electroencephalogram (EEG). The system senses 
EEG signals through an array of disc electrodes tempo 
rarily af?xed to multiple locations on the scalp, ampli 
?es and ?lters the signals, and converts them to digital 
form. The digitized signals are analyzed in real time, 
using both software and special-purpose hardware, to 
extract features of neurological signi?cance. The results 
of the real time analysis are transformed into a ‘color 
coded, anatomically accurate topographic map of brain 
activity by means of a special-purpose, high-speed hard 
ware computation circuit. The topographic map is dis 
played dynamically (asa continously changing image), 
in real time, on a high resolution color video display 
monitor. The system is interactive, allowing the user to 
de?ne the neurological features of interest to be de 
tected and displayed, the display format, and other 
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2 
aspects of system operation. The rate at which the data 
is scanned and the moving image updated is under also 
under user control. Pattern recognition software allows 
the system to automatically detect and retain, for later 
examination, sequences of brain activity which have 
been prede?ned by the user to be unusual or abnormal. 
The potential applications of this device are ubiqui 

tous within the ?elds of neurology, neuropsychology, 
neurosurgery, anesthesiology, and psychiatry. The sys 
tem, being microprocessor based, is compact and can 
easily be made portable. Its cost is relatively low, thus 7 
allowing widespread'use in these areas. 

BRIEF DESCRIPTION OF THE INVENTION 

FIG. 1 is a block diagram of the system of the present 
invention. 
FIG. 2 is a block diagram of one channel of signal 

conditioning. ' 

FIG. 3 is a block diagram of the preprocessor A/D 
conversion circuit. 
FIG. 4 is a block diagram of the EEG preprocessor 

' micro-computer. 

FIG. 5 is a block diagram of the FFT portion of FIG. 
4 in more detail. 
FIG. 6 is a block diagram of the image computation 

and display micro-computer. 
FIG. 7 is a block diagram of the topographic map ‘ 

1 generator. FIG. 7A is an elevation view of one hemi 
sphere of the brain. FIG. 7B is a plan view of both 
hemispheres of the brain. 
FIG. 8 is a detailed block diagram of the PROM of 

FIG. 7. 
FIG. 8A is a timing diagram for FIG. 8. 
FIG. 9 is a block diagram of the video generator. 
FIG. 10 is a block diagram of the character genera 

tor. 

FIG. 11 is a block diagram of the video A/D convert 
ers. 

FIG. 12 illustrates a typical display. 

DETAILED DESCRIPTION 

FIG. 1 is an overall block diagram of the system of 
the present invention. Signals from electrodes 11,'typi 
cally either 16 or 28 in number, are provided as inputs to 
an EEG signal conditioning unit 13. If only one hemi 
sphere of the brain is being displayed there will be 16 

' inputs. If both hemispheres are to be displayed, two sets, 
or 28 inputs, will be provided, with 4 centerline elec 
trodes common to both hemispheres. The signal condi 
tioning unit contains either 16 or 28 channels, one for 
each input, in which signal preampli?cation and broad 
band ?ltering takes place. From this point on, the sys 
tem will generally be explained in terms of 16 channels. 
However, it should be kept in mind that that number 
can be increased to present both hemispheres of the 
brain at the same time. 
The outputs of the signal conditioning unit which will 

be 16 separate signals are provided to the EEG prepro 
cessor unit 15. The preprocessor unit carries out the 
functions of signal multiplexing; analog to digital con 
version; buffer storage of data; artifact detection; time 
domain analysis; frequency domain analysis; matched 
?lter analysis; and evoked potential analysis. The resul 
tant output, which will be analyzed data, is then fed to 
the image computation and display unit 17. Here the 
functions of topographic map generation; frame buffer 
storage; character generation, i.e., to display writing on 
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the screen; color transformation; video digital-to-analog 
conversion; video sync generation and user interactive 
input/output are carried out. Further input to the image 
computation and display unit is over an RS 232 bus to a 
terminal 20 to permit the user to request various types 
of data and indicate when it is to be displayed. From the 
image and computation display unit 17, outputs of red, 
green and blue video along with a sync output are pro 
vided to a high resolution television monitor 19. 

In general, incoming signals are preprocessed and 
multiplexed and converted into digital format. There is 
an artifact detection scheme in which particularly 
known interfering conditions are detected. Then, based 
on the operator’s desire, analysis is done which can be 
either time domain analysis, frequency domain analysis, 
matched ?lter analysis, or evoked potential analysis. 
The result will be data corresponding to each of the l6 
points, representing either time domain, frequency do 
main, matched ?lter or evoked potential activity. This 
information is, in the image computation display unit 17, 
put into a form which can be displayed on the high 
resolution display. In addition, terminal 20 is provided 
to permit control by the operator. 

Various parts of the system will now be described in 
more detail. 

SIGNAL CONDITIONING UNIT 

As indicated previously, inputs to the signal condi 
tioning unit are provided from electrodes 11. The elec 
trodes, in conventional fashion, are af?xed to the scalp 
of the subject using a temporary weak adhesive such as 
collodion. Alternatively, a commercially available cap 
with slots for the electrodes at the appropriate locations 
can be worn by the subject and the electrodes attached 
thereto. As indicated previously, for measurement of a 
single hemisphere 16 electrodes are required. The loca 
tion of the electrodes is derived from the “IO-20 sys 
tem”, an international standard of electrode placement 
universally accepted by neurologists and workers in 
allied ?elds. A number of additional electrodes are used 
on locations between the standard “10-20 ” electrodes 
to enhance spatial coverage of the scalp. The resistance 
of the scalp-electrode interface is diminished as much as 
possible by the application of a conductive electrode 
paste to the interface. 
The electrodes are connected through shielded wires 

in a multi-pin connector to the ampli?er channel. A 
separate ampli?er channel is provided for each of the 16 
electrodes. The ?rst stage of ampli?cation is an input 
ampli?er 21 commonly known as an instrumentation 
ampli?er and is required to amplify the extremely low 
level signals in the presence of noise. An EEG is typi 
cally contaminated by 60 Hz interference which is ca 
pacitively coupled to the subject from surrounding AC 
wiring or other instruments, motors, etc. It is also con 
taminated by noise of biological origin such as muscle 
potentials from the subject’s neck and face and DC 
offsets electrochemically generated at the electrode 
skin interface. The instrumentation ampli?er 21 has two 
ultra-high impedance inputs, a positive input and a neg 
ative input. The negative inputs to all 16 instrumenta 
tion ampli?ers are connected to a single common elec 
trode which is connected to the ear on the same side of 
the head as the 16 electrodes. This con?guration is 
known as “common reference”. The internal circuitry 
of the ampli?er is particularly designed to give high 
common mode rejection so that signals appearing on 
both inputs will tend to be cancelled out within the 
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4 
ampli?er. On the other hand, differential signals such as 
the EEG signal to be measured, present at the ampli?er 
inputs, are ampli?ed for example by 500 v/v resulting in 
a greatly enhanced signal to noise ratio. These ampli? 
ers can be, for example, LM363 ampli?ers made by the 
National Semiconductor Corp. or Analog Devices 
AD521 ampli?ers. 
The output of ampli?er 21 is fed to a one pole ?lter 23 

comprising a capacitor 25 and resistor 27. This ?lter has 
a minus 3 DB point of 0.03 Hz. Its purpose is to remove 
any DC offset generated at the electrode-scalp interface 
which has not been removed by ampli?er 21. This ?lter 
output is coupled into a second ampli?er 29 having a 
gain of approximately 100 v/v to result in a total ampli 
?cation of the input signal of 50,000 v/v. This second 
ampli?er may be a Precision Monolithic OP-lS. The 
output of ampli?er 29 is coupled ?rst through a 6-pole 
high-pass ?lter 31 and then through a 6-pole low-pass 
?lter 33. This provides a unity gain band pass ?lter 
passing the desired frequencies. The 6-pole high-pass 
?lter 31 is a Sallen-Key ?lter with cut-off at 0.5 Hz. The 
6-pole low-pass ?lter is a Sallen-Key ?lter with cutoff at 
28 Hz. In conventional fashion, each ?lter section is 
constructed with 3 monolithic operational ampli?er IC 
and discrete resistors and capacitors of 2% tolerance. 
Using this technique, an entire band pass ?lter is con 
structed with two National LM348 operational ampli 
?er packages. Separate low-pass and high-pass ?lter 
sections are used in preference to a single-band pass 
?lter in order to yield a ?at pass band output and facili 
tate the separate tuning of the low-pass and high-pass 
cut-off points. As indicated previously, there will be 16 
circuits of the type shown in FIG. 2. Thus, from the 
signal preampli?cation section there will be 16 outputs. 
These outputs are provided to the EEG preprocessor 
unit. 

EEG PREPROCESSOR UNIT 

As illustrated by FIG. 3, the 16 outputs from the 
signal processor are fed into a multiplexer. Shown is a 
multiplexer made up of two l6-channel sections 35 and 
35a. These may be Precision Monolithics MUX-l6 inte 
grated circuits. The multiplexers sequentially connect 
each of the input signals to analog to digital conversion 
circuitry. The address or channel selection inputs of the 
multiplexers 35 and 35a are driven by a binary address 
counter 37 which may be an RCA CD4520. The 
counter is incremented at the end of each A to D con 
version cycle. Using this circuitry, the ?rst signal is 
connected to the A to D converter circuit, and a con 
version is performed; the second signal is connected, a 
second conversion performed, and so on until all chan 
nels have been converted. A set of A to D conversions 
of all input channels is initiated by a signal generated by 
a timer within the preprocessor microprocessor mi 
crocomputer circuitry to be described below At the end 
of each complete conversion cycle, the multiplexer 
address counter 37 is reset to 0 by a signal on line 39 
from the conversion flip-flop 40. 
Analog to digital conversion is carried out utilizing a 

sample and hold circuit 41 and analog to digital con 
verter chip 43. The sample and hold circuit may be a 
Burr-Brown SHC-8O sample and hold circuit and the 
converter itself a Burr-Brown ADC-8O 12-bit A to D 
converter. Although 12-bit precision is not required for 
EEG signal analysis, the use of a l2-bit converter yields 
the dynamic range necessary for the widely varying 
amplitudes of typical EEG signals. Thus, both the sig 
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nal of 5 microvolts peak and one of 200 microvolts peak 
can be measured with a resolution of one part in 4096, 
or well under 0.1 microvolts. 
A typical conversion cycle is performed as follows. 

In the timer, a set of 2 CD40103 counters (not shown) 
divides down the 2 MHz microprocessor clock to 128 
Hz, the sampling frequency. A negative pulse from the 
timer clears the conversion ?ip-?op‘40 which, in turn,’ 
enables the multiplexer address counter 37 by removing 
the reset signal on line 39 and triggers a dual monostable 
multivibrator 38. The ?rst section of monostable 38 
?res, and sets the sample-and-hold 41 to the sample 
mode. The falling edge of the same pulse triggers the 
second side to initiate the A-D conversion cycle and 
sets the sample-and hold 41 to “sample”. At the same 
time, it clocks into memory 49 the data at the output of 
converter 43. This is not good data the ?rst time. To 
prevent this data from being stored, the “Reset” input 
to memory 49 is held high (the reset condition) by an 
output from ?ip~flop 36 which was set by the 128 Hz 
input pulse. The output pulse from the second side in 
crements the multiplexer address counter 37 to the next 
channel address and initiates a conversion. This pulse 
from the second side also clears a ?ip-?op 36 to remove 
the “reset” input to memory 49. At the end of the con 
version, the “end of conversion” (EOC) line of the A-D 
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converter goes low, triggering monostable again 38 and ‘ 
repeating the whole conversion sequence. Since mem 
ory 49 is no longer in the “Reset” mode, the signal from 
the ?rst half of the dual monostable, clocks the digitized 
A-D value into the 32X 12 ?rst-in ?rst-out memory 49. 
On the ?rst conversion, as noted above, this signal also 
clears ?ip-?op 36 which was set by the 128 Hz Clock to 
reset memory 49. When the multiplexer address counter 
has been incremented to its terminal count after 16 (28) 
conversions, it resets (clocks) the conversion ?ip-?op 
40, disabling the conversion circuit until the next timer 
pulse 1/ 128 second later. 
When all 16 signals have been converted, and the 

digital data entered into the ?rst-in ?rst-out buffer mem 
ory, a non-maskable interrupt signal (NMI) is sent to the 
microcomputer from the conversion ?ip-?op on line‘ 51 
notifying it that a complete set of data points is available 
for input. By operating in this manner, the micro-com 
puter does not have to occupy itself with any aspect of 
the A to D conversion sequence once started, leaving it 
free to perform other tasks during this period. The pro 
gram for the microcomputer is attached. 
Although we havedescribed the EEG preprocessor 

as deriving the data to be analyzed from electrode in 
puts, the preprocessor can also analyze data which has 
previously been converted from analog to digital form 
by external devices. In this case, the data would be input 
to the preprocessor through a‘ 68B2l PIA in parallel 
digital format. 

Referring now to FIG. 4, it can be seen that the 16 [or 
28] digital outputs of the memory 49 are fed over line 53 
to a peripheral interface adapter (PIA) 55 which may be 
a Motorola 68B21. Output takes place in response to a 
signal on line 50 of FIG. 3 from microprocessor 67 
through PIA 55. In conventional fashion, three buses 
are provided for the microcomputer an address bus 59, 
a data bus 61 and a control bus 63. These three buses are 
coupled through address data and control buffers, indi 
cated by block 65, to the microprocessor 67. Micro 
processor 67 also receives an input from a clock 68 
which generates the necessary timing. In addition, cou 
pled to the three buses is a fast Fourier transform (FFT) 
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6 
module 69, a second peripheral interface adapter (PIA) 
71, the output of which is coupled to buffers 73, an 
erasible PROM memory 75 and a random access mem 
ory (RAM) 77 and RAM decoder 79, the last being 
coupled only to the address bus. The erasible PROM 
memory 75, which may be an Intel 2732A 4K by 8 bit 
memory, is used to store the program. The random 
access memory which is a 20K memory can be made up 
of 2K by 8 bit CMOS Hitachi HM6116 RAMS. The 
oscillator and clock divider 68 can comprise a crystal 
oscillator and binary counter. The FFT circuit used in 
the present invention is a special circuit made by Ameri 
can Microsystems, Circuit No. S2814A. ‘ 
The clock frequency for the micro-processor‘ 67 

which is fed over line 81 is 8 MHZ. The FFT processor 
is operated at 16 MHZ by a signal on line 83 from clock 
68. The 8 MHZ clock frequency is obtained by dividing 
down the 16 MHZ signal fed to the FFT circuit 69. All 
microprocessor address and control lines are buffered 
by octal bus buffers, typically 74LS244, and data lines 
buffered by bi-directional octal bus transceivers, typi 
cally 74LS245, shown as block 65. The RAM address 
decoding is performed by two 3 to 8 decoders, typically 
74LS138, in block 79. _ i 

The microprocessor 67 upon receipt of an interrupt 
signal on line 51 coupled through PIA 55 to line 56, 
begins inputting the 16 words from line 53 through the, 
peripheral interface adapter 55. For most experimental 
situations, the sixteen data words are added and‘ their 
average found. This average is subtracted from each 
data word. This computation converts the “common 
reference” con?guration to an “average reference” 

I‘ con?guration, which is generally considered superior 
for spatial analysis of EEGs. This information is stored 
in 16 separate data buffers in RAM 77 with each digital 
word occupying two bytes. The data buffers are ar 
ranged so they always contain the latest 512 digital 
conversions for each channel with the oldest samples ‘ 
continuously being discarded. 

In carrying out time and frequency domain analysis, a 
128 Hz conversion rate is used. Thus, 512 conversions at ' 
this frequency represent the last 4 seconds of activity in 
each channel. For the 256 Hz conversion rate used in 
the evoked potential analysis, 204 samples are input 
during each trial, so the data buffers contain the 0.80 
second of activity following the stimulus. Once the data 
is stored, the program ?rst carries out a step of artifact 
detection. This is a process for detecting noise and sub 
ject movement artifacts. Such artifacts‘ can seriously 
contaminate the EEG data and lead to grossly errone 
ous measurements and results. First, the data in the data 
buffers is examined for evidence of these types of arti 
facts. In examining the magnitude of each of the data 
points, if saturation of a string of consecutive samples is 
found, i.e., excessive signal amplitude, this is an indica 
tion of subject motion, and an indication is given to the 
operator. Similarly, if a series of sequential data points 
having a changing slope at a very high frequency is 
detected this is indicative of high-frequency noise as are 
signals whose polarities change at a rate of above 40' Hz. 
The combination of tests for these conditions is suffi 
cient to detect contamination of the signal by artifact in 
a great majority of cases. 
As indicated previously, through the keyboard of 

Terminal 20-FIG. 1, the operator can select time do 
main anaylsis, frequency domain analysis, matched fil 
ter analysis, or evoked potential analysis. Time domain 
analysis is particularly useful in that it is similar to the 
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process of visual analysis performed on a signal trace or 
plurality of signal traces by a trained neurologist or 
electroencephalographer. Time domain analytic tech 
niques are concerned with the period, or duration, of 
the EEG waves, a wave being de?ned as the interval 
between successive negative to positive crossings of the 
iso~electric zero volts point by the signal. The peak-to 
peak voltages of the waves, is de?ned as the voltage 
difference between positive maximum voltage and neg 
ative maximum voltage occurring during a single wave. 

TIME DOMAIN ANALYSIS 

In carrying out time domain analysis, the preproces 
sor micro-computer is programmed to search through 
each data buffer and identify successive waves. The 
waves are categorized by period and amplitude and a 
running total of total duration and total peak voltages is 
kept for four period categories. The standard categories 
are delta [330—1,000 ms], theta [125-330 ms], alpha 
[83-125 ms], and beta [50-83 ms]. Non-standard catego 
ries, or categories de?ned by a combination of period 
and amplitude are easily speci?ed by the user from the 
keyboard. The program poses questions to the operator 
and other data than the topographic display is supplied 
to him on the display of terminal 20. 

FREQUENCY DOMAIN ANALYSIS (FFT) 
The operator can also select frequency domain analy 

sis. Frequency domain analysis is a technique for mea 
suring the electrical power present in the EEG over a 
spectrum of frequencies. The advantage of frequency 
domain analysis as compared to time domain analysis 
include the fact that it is better de?ned in classical math 
ematical signal processing terms. The disadvantage is 
the much more intensive computation necessary as 
compared to time domain techniques. The present in 
vention accomplishes this intensive computation utiliz 

-\ ing the FFT integrated circuit 69. Through the use of a 
separate hardware circuit to do this as opposed to a 
software solution, the computation can be carried out in 
real time. The microprocessor 67 transfers the data to 
the FFT block 69 and also speci?es the sequence of 
computations that block 69 performs. This permits the 
preprocessor to perform other tasks while the block 69 
is engaged in the FFT computation. 
As in the case of time domain analysis, FFT analysis 

may be performed on either ?xed adjacent sequences of 
digitized data or on a moving window of the data. Mi 
croprocessor 67 speci?es the sequence of subroutines 
performed on this data by the FFT circuit 69. This 
arrangement permits the computation of the FFT in a 
far shorter time period than if the computation were 
performed by microprocessor 67 entirely in software. 
Using the arrangement described above, it requires 
approximately 1.0 second to perform the FFT computa 
tion on 16 channels of data, each consisting of 256 data 
points. If the computation were performed entirely in 
software by microprocessor 67, it would require many 
minutes of computation time, which would completely 
preclude real-time analysis. 
The actual process of FFT computation for a single 

channel is performed as follows with reference to FIG. 
5. The higher order bytes of a segment of input data, 256 
points (2.0 seconds) long, is ?rst transferred to a FFT 
workspace located in random-access memory 78. The 
segment is subjected to a “windowing” algorithm, 
whose function is to minimize the effect on the ?nal 
FFT results of potentially trunctated sine waves on 
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8 
either end of the data segment. To perform this algo 
rithm, 5% of the data points on each end of the data 
segment are multiplied by a “cosine taper" function, 
effectively reducing their contribution to the resulting 
FFT. After windowing, the data segment is divided into 
blocks of 32 points using a procedure known as the 
decimation-in-frequency algorithm. This procedure is 
necessary because the FFT circuit 69 is designed to 
perform the FFT only on data blocks of 32 points per 
block. To perform the decomposition of the data seg 
ment, each sequential 32-point block of the segment is 
?rst loaded into the FFT circuit 69 through bidirec 
tional bus transceiver 72 controlled from decoder 79 of 
FIG. 4. A command is then stored in circuit 69 to per 
form the decomposition routine. Circuit 69 noti?es the 
microprocessor 67 via line 70 when it has ?nished the 
routine, and the microprocessor 67 then unloads the 
processed data. The procedure is then repeated for each 
of the remaining data blocks. After all blocks have been 
processed, the actual FFT algorithm is performed. 
Each block of data is loaded into circuit 69 and a com 
mand is then stored in circuit 69 to perform the FFT 
algorithm. When circuit 69 has completed processing, it 
noti?es the microprocessor 67 that the data block may 
be unloaded. The data is stored in random-access mem 
ory 78 with its address bits reversed. This bit reversal 
algorithm is required to sort out the FFT data in the 
proper order. It is accomplished using three multiplex 
ers, which may be 74LS157, indicated by block 76. Its A 
inputs have the address lines in proper order and its B 
inputs the address lines in reverse order. Selection of A 
or B inputs is on line 80 from D type flip flop 82 receiv 
ing an input of the RAM decoder 79 of FIG. 4. The 
output data from circuit 69 is the power spectrum of the 
input data. After the entire FFT algorithm has been 
performed, the output data is organized as N bins of UT 
Hz resolution, where N is the number of points in the 
input data segment, and T is the duration of the segment 
in seconds. The data in adjacent bins is summed to de 
termine the total power in each of the four major EEG 
frequency bands plus any special frequency categories 
de?ned by the user. The square root of the total power 
in each frequency band is approximated to convert the 
power spectrum value into the magnitude spectrum 
value, a number which can be expressed directly in 
microvolts (a convenient unit of measurement for EEG 
analysis). The entire procedure just described is re 
peated for data segments for each of the 16 (28) input 
channels. 
The nature of the FFT computation is such that the 

output data must be arranged in a different sequential 
fashion before being in proper order. The reordering 
can be performed in software or, for higher speed, in 
hardware. As described above in the disclosed system it 
is performed by hardware which reverses the address 
bits of dedicated RAM 78 set aside for the FFT output 
data. N bits are reversed for a 2 N point transform. For 
example, the 8 lowest bits are reversed for a 256 point 
transform. In practice, bit-reversal ?ip-?op 82 is set, 
selecting the “B” reversed multiplexer inputs, the FFT 
data is transferred into the RAM, and ?ip-?op 82 is then 
reset, applying the address bits to the RAM in their 
proper order. 
For inputting certain types of command information 

on its control lines, the “Input Enable” line of circuit 69 
requires a longer pulse from decoder 79 than would 
normally be produced were microprocessor 67 to be 
running at its 2 MHZ rate. Therefore, a monostable 
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multivibrator 84 which may be a 74121, is used to 
stretch the microprocessor (MPU) internal clock when 
these certain commands are issued. This is detected 7 
through inverter 86 which is coupled to the address line 
A1 providing control inputs to circuit 69 which then 
enables monostable 84. The output of multivibrator 82 is 
connected to the “MRDY” line of the microprocessor 
67. When this line is low, the MPU internal clock is 
stretched, effectively leaving the current address and 
data on their respective busses until the line returns 
high. The “Input Enable” line to circuit 69 is connected 
to the “A trigger” input of the monostable 84.-Address~ 
line A1, inverted through inverter 86 as described 
above is connected to the “B enable” line of the mono 
stable 84 so that a 1.5 microsecond negative pulse is 
generated only when “Input Enable” goes low and 
address A1 is also low. This condition is (fortuitously) 
present during the issuing of those commands which 
need longer “Input Enable” pulses. This feature is im 
portant because a great deal of the time spent doing the 
FFT is consumed in transferring the data in and out of 
the chip. If the MPU had to run at a uniformly slower 

20 

speed to accomodate the longer “Input Enable” pulse ' 
requirement, throughputv would seriously suffer. 

MATCHED FILTER ANALYSIS 

Another type of analysis performed by the EEG 
preprocessor is matched ?lter analysis. This type of 
analysis is based on the fact that if an inverse FFT is 
performed on the results of an FFT of digitized analog 

~ data, the output of the inverse FFT will be a perfect 
reconstruction of the original digitized data. Further 
more, if zeros are stored in bins of the initial FFT results 
containing undesired frequency components, the results 
of the subsequent inverse FFT will be the digitized 
analog input data with the undesired frequency compo 
nents perfectly ?ltered out. . 

Thus, a pattern of interest in the EEG may be initially 
analyzed by means of the FFT and the resulting FFT 

' pattern may be used as a template for detection-of a 
'~ similar signal in another sequence of EEG under inves 
.‘tigation. For example, a spike-and-slow-wave event in 
the EEG of an epileptic may be visually identiied and 
analyzed by means of the FFT. The frequency bins 
containing low levels of activity in the results of this 
FFT are then determined. The template consists of a list 
of these bins, which are zeroed out in subsequent EEGs 
under investigation. The resuilt will be a reconstructed 
EEG containing values only in the frequency bins of 
interest. _ 

Optionally, instead of zeroing out the bins with low 
values for the template, the template may be con 
structed by making the bin containing the highest value 
equal to 1.00, and all other bins as proportional fractions 
of 1.00. The subsequent EEGs under investigation will 
then be multiplied by this template. 

In practice, an FFT is performed on a data segment 
of 256 points as described in the FFT analysis descrip 
tion. (As will be recalled, the result of the analysis will 
be contained in 256 bins, with each bin containing the 
power spectrum value for a l/T Hz bandwidth, where 
T is the total duration of the data segment in seconds. In 
this case, at the 128 Hz sampling rate used, the data 
segment will be 2.0 seconds long and each of the 256 
bins will have 0.5 Hz resolution. Thus, bin number 1 
will have the magnitude spectrum of DC to 0.50 Hz, bin 
number 2 will have the value for 0.5~l.0 Hz, etc.) After 
the FFT is performed, the software places a value of 
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zero or the template value of the preselected EEG~ 
event in each bin speci?ed by the system user. Thus, if 
the user is interested in viewing the activity in the 12-16 
Hz bandwidth, the program zeros the bins from DC to 
11.5 Hz and from 16.5 Hz to 64 Hz (the upper limit of 
the FFT result). 
The FFT module 69 performs the inverse FFT quite 

easily. Each block of input data is processed by the 
“CONJUGATE” routine, and then processed identi 
cally to digitized analog data as described in the FFT > 
analysis section. The result of the entire procedure is a 
.digitizedsignal which has been perfectly ?ltered (if the _ 
unwanted bins are zeroed), or which has been multi- ' 
plied by the template. This procedure bypasses the dis 
advantages of high-order analog ?lters. The entire ?l 
tered waveform is transferred to the image processing‘ 
and display unit and displayed as a continuous analog 
signal, similar to the manner in which evoked potentials 
are displayed. This allows an instant-by-instant localiza 
tion of the frequency activity of interest on the topo 
graphical display. I 
The user may specify the template to be used through 

the terminal connected to the image generator and dis 
play unit. The template values are transferred to the 
EEG Preprocessor for use in the analysis of ongoing 
EEGs. Optionally, the user may specify that when a 
segment of EEG contains a segment of data highly 
matched to the template, the data segment should be 
retained in memory. This technique allows the auto 
matic detection and retention of EEG events of neuro 
logical interest. 

EVOKED POTENTIAL ANALYSIS 

' Finally, evoked potential analysis is possible. This is a 
signal averaging analysis of the EEG and has been an 
important investigative‘ technique for neurologists for 
over 20 years. This technique involves the presentation 
of a stimulus, such as a light ?ash or tone burst to a ' 
subject and averaging the following 0.5 second to 1 
second of EEG signal over many stimulus presenta 
tions. Since the major portion of the EEG occurs ran 
domly with respect to the stimulus and may actually be 

, considered noise, over a long period of time, it 'will 
average out to zero volts. 0n the other hand, the electri 
cal activity speci?cally evoked ‘by this stimulus is time 
locked to the sampling process and will be augmented 
by averaging over multiple trials. It is usually assumed 
that the portion of the signalv that is augmented over 
many trials is directly related to and caused by the stim 
ulus. 

In order to perform an evoked response analysis on 
16 channels of EEG, the signal processor of FIG. 4 ?rst 

‘ outputs a pulse suitable for triggering an external visual 
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or'auditory stimulus generator. This output on line 78 
coupled through the decoder 79 is used to operate a 
stimulus generator. Each time a stimulus pulse is sent 

, out, a set of 204 A to D conversions is performed on 
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each EEG channel. This stimulus and acquisition se 
quence is repeated, typically every two seconds. The 
digital word from eachconversion is simply added to 
the total of all previous values for that sample. The 
totals are stored as 3 bytes for each time point. The 
totals at the end of all trials are divided by the number 
of trials. In practice, the number of trials averaged for 
the computation is usually 256. 
With whatever of the aforementioned types of pre 

processing is carried out, one ends up with digital data 
for each of the 16 points. The results of this analysis are 














